The distribution of excitation energy between photosystems I and II (PSI and PSII) was investigated in the marine diatom Phaeodactylum tricornutum (Bohlin) using light-induced changes in fluorescence yield and rate of modulated 02 evolution. The intensity dependence of the fast fluorescence rise in dark adapted cells (±DCMU) suggests that light absorbed by the major antenna complex was not delivered preferentially to PSII but is more equally distributed between the photosystems. Reversible, slow fluorescence yield changes measured in the absence of DCMU were correlated with decreased initial fluorescence and rate constants for PSII photochemistry, increased variable fluorescence, alteration of the fluorescence excitation and emission spectra, and could be effected by either 510 nm (PSII) tation energy distribution between PSI and PSII (1), in thylakoid stacking and in lateral segregation of the photosystems (2). The phycobilisome complexes of blue-green and red algae are also thought to participate in excitation energy distribution (5). In contrast to the highly conserved pigmentation of higher plants, the various algal classes display an extraordinary diversity of photosynthetically competent pigments including Chl, carotenoids, and bilipigments (13). Light-harvesting pigment-protein complexes have been isolated from most algal classes (1 1, 17, 21) but in general they are poorly characterized in composition, structure, and function when compared with LHCP and the phycobilisomes.
(PSI and PSII) was investigated in the marine diatom Phaeodactylum tricornutum (Bohlin) using light-induced changes in fluorescence yield and rate of modulated 02 evolution. The intensity dependence of the fast fluorescence rise in dark adapted cells (±DCMU) suggests that light absorbed by the major antenna complex was not delivered preferentially to PSII but is more equally distributed between the photosystems. Reversible, slow fluorescence yield changes measured in the absence of DCMU were correlated with decreased initial fluorescence and rate constants for PSII photochemistry, increased variable fluorescence, alteration of the fluorescence excitation and emission spectra, and could be effected by either 510 nm (PSII) or 704 nm (PSI) light. Slow, reversible fluorescence yield changes were also observed in the presence of DCMU, but were characterized by a loss of both initial and variable fluorescence and could not be induced by PSI light. The absence of slow changes in the yield of fluorescence and rate of modulated 02 evolution, following addition or removal of PSI background light to modulated PSII excitation, does not support regulation of excitation energy density in PSI at the expense of PSII. The results suggest that adjustments are made at the level of excitation energy transfer to the PSII reaction center which prevent prolonged loss of photosynthetic capacity. Energy distribution is regulated by ionic distributions independently of the plastoquinone pool redox state. These differences in light-harvesting function are probably a response to the aquatic light field and may account for the success of diatoms in low and variable light environments.
The light-harvesting pigment-protein complexes of02 evolving plants serve a multifunctional role in the photosynthetic process. All light-harvesting complexes share the common function of efficient collection and transfer of available light energy to the photochemical reaction centers. The LHCP2 of green algae and higher plants also plays a central role in the regulation of exci- tation energy distribution between PSI and PSII (1), in thylakoid stacking and in lateral segregation of the photosystems (2) . The phycobilisome complexes of blue-green and red algae are also thought to participate in excitation energy distribution (5) . In contrast to the highly conserved pigmentation of higher plants, the various algal classes display an extraordinary diversity of photosynthetically competent pigments including Chl, carotenoids, and bilipigments (13) . Light-harvesting pigment-protein complexes have been isolated from most algal classes (1 1, 17, 21) but in general they are poorly characterized in composition, structure, and function when compared with LHCP and the phycobilisomes.
The distribution of available light energy in the aquatic environment also differs significantly from that encountered by terrestrial plants (15) . The exponential decrease in irradiance with depth in the water column provides a very wide range of light intensity for plant growth. Absorption and scattering processes rapidly attenuate the blue (<450 nm) and far-red (>680 nm) spectral regions removing those wavelengths of light which are absorbed directly by PSI (18) . Physical mixing processes in the surface waters transport planktonic algae through the vertical light field on a time scale of several hours to several days. Variations in available light induced by mixing are an important consideration in planktonic community structure and productivity (12) . The combination of diversity in algal light-harvesting complexes and the variability of the aquatic light field suggests that those aspects of the photosynthetic process involving the light-harvesting complexes may also exhibit some dissimilarities between algal classes.
In vivo Chl fluorescence is a powerful probe for the study of many aspects of photosynthesis. The induction of Chl fluorescence in dark adapted photosynthetic organisms is traditionally divided into fast and slow time domains. The fast fluorescence rise to a maximum and decay to a quasi-steady state level are completed within a few seconds while subsequent fluorescence yield changes require several minutes before a steady state fluorescence level is reached. The fast fluorescence rise reflects the light-induced reduction of QA, the primary quinone acceptor of PSII (9) and the plastoquinone pool. Oxidized QA is an effective quencher of excitation energy in the PSII reaction center via photochemical charge separation while reduced QA cannot function in photochemistry. Excitation arriving at a closed (QA reduced) PSII trap must be returned to the antenna or emitted directly by the reaction center pigments as fluorescence or heat.
Slow changes in fluorescence yield result from adjustments in the distribution of excitation energy between PSI and PSII (light state transitions; 6, 28) and may also be influenced by ionic distributions and transmembrane electrochemical gradients (28) and photoinhibition (22) .
In the present study, changes in the yield of fluorescence and Plant Physiol. Vol. Pigment Analysis. Chl a was determined spectrophotometrically in 90% (v/v) acetone extracts (14) .
Light intensity was measured using a calibrated radiometric probe (YSI-Kettering 65A) and a PAR quantum detector (Lambda LiCor LI 185A). The intensity dependence of the variable fluorescence rise in the presence of 20 MM DCMU was also investigated. The ratio Fv:Fm was observed to saturate at a value between 0.55 and 0.60 at intensities above 100 mW m-2 and plots of maximal fluorescence yield (Fm), Fv:F, and F,:S (S = total area over the fluorescence induction curve) versus excitation intensity were linear above 100 mW m-2 (data not shown). The kinetics of PSII photochemistry measured at 40 W m-2 excitation in P. tricornutum were comparable with those observed in whole cells of D. tertiolecta or broken spinach chloroplasts (half-times of the variable fluorescence rise were 91, 115, and 75 ms, respectively).
RESULTS

Intensity
Slow fluorescence yield changes were monitored using weak, modulated excitation (80 mW m-2, 145 Hz) which alone induced only F0 fluorescence. The addition of higher intensity, nonmodthe FLUORANAL procedure as previously described (20) . The fluorescence yield changes described in P. tricornutum in the presence of DCMU were not dependent upon continued exposure of the cells to actinic illumination. Figure 3 demonstrates that a 30 s illumination of cells during the lag period prior to the slow yield decline caused a subsequent decrease in fluorescence yield for several min after the removal of actinic illumination. Yield changes were measured using the low intensity modulated excitation which alone did not cause a significant decrease in fluorescence (dashed line, Fig. 3 ).
Dark Reversibility of Fluorescence Yield Changes. The data in Figure 3 also suggest that the fluorescence decline induced by moderate intensity illumination in the presence of DCMU is reversible in darkness or low intensity illumination. Dark adapted, DCMU-treated cells were initially exposed to low intensity excitation resulting in a rise in the modulated fluorescence yield to about 95% of the maximal level (Fig. 4B) illumination, cells were placed in darkness for 1 min and then the amplitude of the slow fluorescence changes was again measured using the same illumination conditions. The amplitude of the fluorescence decline from the Fm to the F, level was observed to be about 20% of that during the first illumination period. Increasing the length of the intervening dark period resulted in a recovery of the yield decline (Fig. 4A) (Fig. 5A) . When normalized at the 438 nm Chl a excitation maximum, the difference spectrum (light-dark adapted) exhibits minima at 465 and 500 to 540 nm suggesting a loss of Chl c and fucoxanthin excitation, respectively. The emission spectrum of light adapted cells shows a decrease in amplitude throughout the emission range, but normalization of the spectra of dark and light adapted cells indicates that the loss of emission was most pronounced at 745 nm (Fig. 5B ). In addition, there was a bandshift of the emission maximum from 683 nm in the dark adapted cells to 681 nm in the light adapted cells. The long wavelength (>700 nm) fluorescence emission at from spectra normalized at 438 nm Chl a maximum. B, Emission spectra of light (---) and dark ( ) adapted cells, difference (---) from spectra normalized at red Chl a maxima. room temperature in P. tricornutum is not indicative of PSI but is derived from light-harvesting complexes associated with PSII (20) .
Analysis of Light State Transitions. In dark adapted cells of red, blue-green, and green algae as well as chloroplasts of higher plants, the slow fluorescence yield decline observed in the last phase of fluorescence induction may, in part, reflect changes in the distribution of excitation energy between PSII and PSI (6, 28) . By monitoring the modulated components of fluorescence yield and 02 evolution using a platinum rate-measuring 02 electrode, variations in excitation energy distribution were examined in P. tricornutum (Fig. 6) Both fluorescence and O2 evolution were detected as modulated components and are reported in arbitrary units. Heavy lines, fluorescence and O2 evolution induced by modulated 510 nm excitation only; light lines, fluorescence and O2 evolution induced by addition of 704 nm illumination to excitation; F, fluorescence yield; 0, rate of 02 evolution.
P. tricornutum below 10 W m-2, the possibility that slow transients in 02 evolution may be observed at lower excitation intensities was investigated. The modulated 510 nm excitation was reduced in intensity to 0.65 W m-2 and the 704 nm background to 1.9 W m-2. Under these conditions, the fluorescence yield remained constant throughout the experiment after an initial rise at the onset of illumination. Addition and removal of 704 nm background illumination again caused rapid transients in 02 evolution as previously described but no slow changes in either 02 evolution of fluorescence yield were observed (data not shown).
In organisms which exhibit light state transitions, the slow fluorescence decline in the last phase of fluorescence induction parallels an increase in the fractiQn of excitation energy utilized by PSI. The fluorescence decline is due to a partial oxidation of QA, resulting from an increased demand for electrons by PSI (8, 28) . The possibility that the slow fluorescence yield changes in P. tricornutum are related to the redox state of QA was investigated. Modulated fluorescence yield changes were measured in dark adapted cells which were illuminated by 40 W m-2 actinic light. During the slow yield changes, 704 nm background light was added to the excitation for 5 s intervals. If the slow yield changes were related to the redox state of QA, saturating 704 nm light should cause oxidation of QA and a reduction in the fluorescence yield to about the F0 level. The decline in fluorescence yield resulting from 704 nm illumination was observed to saturate at 250 W m-2. At this intensity, the decline in fluorescence was only 20% of the predicted amount (Fig. 7) indicating that other factors in addition to QA redox state are associated with the slow fluorescence yield changes. Addition of 704 nm light during the second wave of slow yield changes and at the F, level induced <5% decrease in the fluorescence yield. suggests that some aspects of the photosynthetic process in diatoms may differ substantially from those described in more commonly studied plant classes. In dark adapted cells of P. tricornutum, the magnitude of the fast variable fluorescence rise exhibits an unusual excitation intensity dependence. Normali state of QA is not linearly related to fluorescence yield, the deviations from linearity are not large (19) . The steady state rate of 02 evolution in P. tricornutum saturates at 60 W m-2 in 510 nm light (19) . Under the same illumination conditions the variable fluorescence rise indicates a transient 30% reduction of QA while at 200 W m-2, QA is initially 75% reduced (Fig. IA) . In steady state illumination at both intensities, the F, fluorescence yield is nearly equal to the F0 yield (Fig. 1 B) suggesting that QA is substantially oxidized. This is supported by the inability of saturating (250 W m-2) far-red light to reduce the F, fluorescence yield. At 200 W m-2, 510 nm light, steady state 02 evolution is inhibited by >30% (19) . These data indicate that, in contrast to most other plant classes, illumination of P. tricornutum at physiological intensities does not induce substantial reduction of QA or the plastoquinone pool.
In diatoms, 510 nm light is absorbed by the carotenoid fucoxanthin, the major light-harvesting pigment and a component of the light-harvesting Chl a/c-fucoxanthin complex (1 1, 21) . The results in Figure 1 subsurface aquatic plants which exist in an environment limited in blue and far-red light. The coupling of fucoxanthin absorption to PSI is supported by the action spectrum of P700 photobleaching in diatoms which exhibits a maximum in the region of fucoxanthin absorption (PG Falkowski, TG Owens, unpublished data). Although the initial distribution of excitation energy may not favor PSII to the same extent in diatoms as in other plant classes, the delivery of light to PSI still limits steady state photosynthesis at subsaturating intensities (Fig. 5) .
The origins of the slow fluorescence yield decline in P. tricornutum appear to be quite different from those described in other plant classes. Changes in the rate of modulated 02 evolution following the addition or removal of far-red background light do not support the regulation of excitation energy density in PSI at the expense of PSII (Fig. 6) . The inability of saturating far-red light to quench fluorescence during the slow yield changes (Fig.  7) suggests that the yield decline cannot be attributed entirely to a slow oxidation of QA-by PSI. The processes involved in the regulation of the slow fluorescence yield changes in P. tricornutum must also account for the following observations: (a) The Photoinhibition of photosynthesis is an important process in planktonic algae and may be especially pronounced in cells grown at low light intensities (3, 22) . Photoinhibition by visible light has been described in both laboratory and natural populations of the freshwater diatom Asterionella formosa (3, 4) . At higher (250-500 W m-2) intensities, reduction of photosynthetic capacity is related to both photoinhibition and photooxidation of pigments (4) . Visible light-induced inhibition of photosynthesis is correlated with a loss of fluorescence yield (24, 26) and results in a decrease in the amplitude of the variable fluorescence rise (measured in the presence of DCMU) without affecting the Fo fluorescence level or the kinetics of the variable fluorescence rise. These observations indicate that the transfer of excitation energy from the light-harvesting antenna to the reaction centers is not affected but that excitation energy is quenched at or near the reaction center complex (22) .
The characteristics of fluorescence induction measured in dark and light adapted cells of P. tricornutum do not support photoinhibition as a mechanism for the slow fluorescence yield decline.
Light adapted cells exhibit an increase in F, while the rate constants of PSII photochemistry (K. and Kb, Table I ) decrease significantly compared with dark adapted cells. F0 is also quenched in the light adapted cells. Kyle (16) has suggested that photoinhibition can be attributed to an accumulation of plastoquinone radicals at the QB-binding site resulting in the oxidation of the QB-apoprotein and a subsequent loss of photosynthetic capacity. High turnover of the QB-apoprotein allows recovery of photosynthetic capacity at diminished light intensities. The data in Figure 1 show that, in P. tricornutum, QA is only partially reduced during the fast fluorescence rise. In steady state illumination, QA is oxidized even at high light intensity. Because it appears that plastoquinone radicals do not accumulate in steady state illumination, the mechanism of visible light-induced photoinhibition in diatoms should be reevaluated.
Adaptation of P. tricornutum to either 510 or 704 nm illumination results in an apparent decrease in PSII antenna size as evidenced by the decreased rate constants of PSII photochemistry (Table I) . Several characteristics of the slow fluorescence decline in P. tricornutum are similar to the state II-state III transitions described in the red alga Porphyra perforata (25) . Illumination of dark adapted thalli with PSII light decreased the excitation energy density in PSII without increasing spillover to PSI, and decreased F0, F, the kinetics of PSII photochemistry. This state II-state III transition was attributed to a decrease in energy transfer from the antenna to the reaction centers or quenching in the reaction center complex.
In P. tricornutum, uncoupling and quenching of excitation energy in the light-harvesting complexes of diatoms would account for the decrease in F0 and the rate constants for PSII photochemistry as well as the light-induced changes in the fluorescence excitation and emission spectra. The light-harvesting Chl a/c-fucoxanthin complex of diatoms contains several carotenoids other than fucoxanthin which could potentially function in quenching of Chl fluorescence (21 (8) have identified low intensity, wavelength-independent energy distribution changes in the green alga Chlorella vulgaris which reflect only light/dark adaptation of the cells. These changes are superimposed on normal light state transitions and were attributed to light-induced variation in local ionic environments. The wavelength-independence and inhibition by CCCP of slow fluorescence yield changes and light adaptation in P. tricornutum supports the possible involvement of ionic redistribution (driven by either linear or cyclic electron transport) in the regulation of energy distribution to PSII.
Slow fluorescence yield declines are also observed in P. tricornutum in the presence of DCMU (7; Fig. 2 ). Although the F, fluorescence level and dark recovery times are very similar to changes induced in the absence of DCMU, there are two important distinctions. First, the slow fluorescence decline in the presence of DCMU is not induced by far-red light. In addition, changes in the characteristics of fluorescence induction following preillumination ± DCMU are very different (Table II) . Satoh and Fork (26) have reported a light-induced fluorescence yield decline in DCMU-poisoned thalli of P. perforata was attributed to QA oxidation through a nonproductive back reaction which did not repopulate the excited state of the PSII reaction center. In P. tricornutum, the fluorescence rise following addition of 10 mM dithionite (Table II) 
